ABSTRACT The current study investigated the characteristics and mechanism of the invertebrate immune priming using Galleria mellonella (L.) (Lepidoptera: Pyralidae) larvae (host) and Photorhabdus luminescens TT01 (pathogen) as a model. The following parameters of the G. mellonella larvae primed by hemocoel injection of heat-killed cells of TT01 or Bacillus thuringiensis HD-1 were determined at designated times after priming and then compared and analyzed systematically: mortality of the primed larvae against TT01 infection (immune protection level), hemocyte density, phagocytosis and encapsulation abilities of hemocyte, and antibacterial activity of cell free hemolymph (major innate parameters). The results showed that 1) immune priming increased survival of the larvae against a lethal infection of TT01 and the levels and periods of protection correlated positively to the priming dose; 2) the changes on the levels of protection and the major innate parameters of the larvae primed with either TT01 or HD-1 followed a similar pattern of the convex curve, although the levels and the timing of changes differed signiÞcantly among the four innate immune parameters and between two priming bacteria; and 3) the immune protection level at a time after priming was correlated to the overall level of four innate immune parameters of the primed larvae. The current study demonstrated that the immune priming phenomenon of G. mellonella larvae has low level of speciÞcity, and it was achieved mainly by the regulation on the quantity and activity of major innate immune parameters, such as hemocytes, antimicrobial peptides, and enzymes.
Invertebrates, including insects, possess sophisticated and effective immune mechanisms for combating microbial and parasitic pathogens (Hoffmann and Reichhart 2002, Hoffmann 2003) . Unlike vertebrates, which possess both innate and adaptive immune system, invertebrates depend mainly on cellular and humoral responses (e.g., phagocytosis, encapsulation, nodule formation, synthesis of antimicrobial peptides (AMPs), reactive oxygen and nitrogen intermediates production, and activation of proteinase cascades) to protect them from infections, which all belong to the criteria of innate immunity (Bogdan et al. 2000 , Schmidt et al. 2001 , Vass and Nappi 2001 , Gassmann et al. 2009 ). Invertebrates are considered as devoid of adaptive ability (Kurtz 2004 ) because they do not possess the cells and molecules that form the basis of the adaptive immune system of vertebrates, such as B and T cells, histocompatibility complex and antibodies. However, recent experimental data provide evidence that many invertebrates possess functional equivalents of the adaptive immunity of vertebrates, namely, the individuals that survived the exposure to or infection of a pathogen possess enhanced immune resistance to the same or similar pathogens (Kurtz and Franz 2003 , Kurtz 2004 , Schmid-Hempel 2005 ). To distinguish between this functional phenomenon and a particular immune memory of vertebrates, the term "immune priming" is generally used (Little and Kraaijeveld 2004, Sadd and Schmid-Hempel 2006) .
Although there have been more and more research on the immune priming of invertebrate, most of the previous studies have concentrated on the reduced mortality to evaluate the enhanced immune protection. It was demonstrated in Drosophila melanogaster Meigen (Diptera: Drosophilidae) that the protective effect of immune priming to Streptococcus pneumoniae infection depended on the phagocytes and Toll pathway (Pham et al. 2007) . Recently, demonstrated that phagocytic activity of the woodlouse Porcellio scaber Latreille (Isopoda: Porcel-lionidae) was increased in a pathogen-speciÞc manner after priming. However, the relation between immune priming and the innate immunity system of invertebrates is currently poorly understood. It is well-known that the hemocyte density, encapsulation, and phagocytosis of hemocyte are important criteria determining cellular immune reactions of an insect against pathogens. The production of AMPs and enzymes by the fat body, which are secreted into the hemolymph to eliminate the invading pathogen, forms the base of humoral immune reactions (Hoffmann et al. 1996) . How did the cellular and humoral immune responses coordinate in response to a pathogenic infection? A systematic assessment of the changes in innate immunological parameters after immune priming may provide important facet to demonstrate and reveal the underlying mechanisms of immune priming in the invertebrate.
A variety of insect species including Galleria mellonella (L.) (Lepidoptera: Pyralidae), D. melanogaster, Bombyx mori (L.) (Lepidoptera: Bombycidae), and Manduca sexta (L.) (Lepidoptera: Sphingidae) have been employed to study immunity. G. mellonella larvae have many advantages as an effective model in this Þeld. They have suitable sizes that make them easy to handle, such as inoculate individually with a speciÞc dose of the pathogen, compared with other insects like Drosophila. G. mellonella larvae are easy to culture in laboratory with artiÞcial diet. It contains abundance of hemolymph, which makes it convenient for performing a biochemical analysis on the hemolymph and hemocyte. Photorhabdus luminescens TT01 is the symbiotic bacteria of an entomopathogenic nematode, Heterorhabditis bacteriophora Poinar. With the availability of the genome sequence of TT01, this bacterium together with its associated nematode is of growing interest as a potential model for studying the pathogenicity and immunity interactions between bacteria and a nematode complex with its insect host (Duchaud et al. 2003 ). In the current study, we used G. mellonella larvae and P. luminescens as a model to investigate the characteristics and mechanism of immune priming, which is important for increasing our knowledge of innate immunity in invertebrate and should be of great beneÞt for pest control.
Materials and Methods
Bacteria and Insect. The bacteria P. luminescens strain TT01 and Bacillus thuringiensis strain HD-1 and the entomopathogenic nematodes Steinernema carpocapsae (Agritol strain) and H. bacteriophora (Hp88 strain) used in this study were preserved in liquid nitrogen in the Bacterial and Nematode Collection of State Key Laboratory of Biotherapy, Sun Yat-Sen University. G. mellonella larvae were reared on an artiÞ-cial diet (22% maize meal, 22% wheat germ, 11% dry yeast, 17.5% bee wax, 11% honey, and 11% glycerine) at 28ЊC in darkness.
The bacteria TT01 and HD-1 used for immune priming were cultured on LuriaÐBertani (LB) broth at 28ЊC on a shaker at 200 rpm until an OD 600 of Ϸ1.5 was reached. The bacterial cultures were heat-blocked for 20 min at 100ЊC and washed three times by centrifuging (1,300 g for 10 min at 4ЊC) with Þlter-sterilized (0.22 m) phosphate buffered saline (PBS: 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na 2 HPO 4 , and 0.24 g of KH 2 PO 4 in 1,000 ml of distilled water, pH 7.2). The resultant pellet was suspended in PBS and an aliquot was sampled and inoculated into LB broth to verify that the microbes had been heat-killed. The bacterial cell density was estimated using a hemocytometer and adjusted to the required concentration with PBS and stored at Ϫ80ЊC.
TT01 used for infection were Þrstly streaked onto an NBTA (nutrient bromothymol blue-triphenyl tetrazolium chloride agar) plate, after which a primary form colony was picked from the NBTA plate and inoculated into LB broth and then cultured at 28ЊC on a shaker until an OD 600 of Ϸ1.5 was reached. The bacterial cells were harvested and washed three times with sterilized PBS by centrifuging. The cell concentration was estimated using a hemocytometer and adjusted to the required density with PBS. The number of cells injected was conÞrmed by counting the number of bacteria in a Þxed volume by plating dilutions of injected suspension on NBTA plates.
For both immune priming and infection experiments, the early Þfth-instar G. mellonella larvae with a weight of Ϸ250 mg were chosen and the following protocol was used except otherwise stated: before injection, each larva was surface sterilized with 70% ethanol; a 50-l Hamilton syringe was used to inject 10 l of PBS containing a designated amount of heat-kill bacterial cells (for priming) or viable TT01 cells (for infection) into the hemocoel of each larva via the last left proleg. For the control, a same volume of PBS was injected. After injection, the larvae were reared at the same condition and their behaviors and mortality were recorded.
Tolerance of G. mellonella Larvae to Hemocoel Injection of Heat-Killed Bacteria. To determine an appropriate priming dose for TT01 and HD-1, 10 l of PBS containing 5 ϫ 10 6 , 1 ϫ 10 6 , 5 ϫ 10 5 , and 0 (the control) cells of the heat-killed bacteria to be tested was injected into the hemocoel of each larva. The mortality was recorded daily over a 5-d period. For each treatment, 21 larvae were injected and three independent trials were conducted.
Effect of Priming Doses on the Protection Level. Five groups (Ϸ160 larvae per group) of G. mellonella , and 0 (the control) of heat-killed TT01 cells per larva, respectively. Twenty-four hours after immune priming, larvae in each group were divided into seven subgroups (21 larvae per group) and injected with 10 l of PBS solution containing 0 (the control), 25, 50, 100, 200, 400, and 800 viable TT01 cells per larva, respectively. Mortality was recorded 72 h after infection and the 50% lethal dose (LD 50 ) was calculated. For all assay three independent trials were conducted. , 12, 24, 72, 120, 168 , and 336 h after immune priming, 21 larvae were sampled from each group and each larva was infected by injection with 10 l of PBS suspension containing 50 viable TT01 cells. Mortality was scored at 72 h after infection. For all treatments, three independent trials were performed.
Nematode Infection. The entomopathogenic nematodes S. carpocapsae Agritol and H. bacteriophora Hp88 were cultured with mature G. mellonella larvae and the infective juveniles were harvested from white traps and preserved in distilled water bubbled with air for 2Ð 4 d at room temperature for all the experiments. The tests were performed in 24-well (1.5 cm in diameter) plates. Fifty microliters of water containing 10 IJs of S. carpocapsae or H. bacteriophora were transferred to individual wells with two layers of Þlter paper. One Þfth instar G. mellonella, which had been primed with 1 ϫ 10 6 or 5 ϫ 10 3 cells of heat-killed TT01, was introduced into each well. The plates were sealed with paraÞlm and kept at 22ЊC in the dark. Mortality was assessed 72 h after the introduction of the larvae. For each treatment, 12 larvae were tested with three replicates.
Specificity of Immune Protection Effect Assay. Three groups of G. mellonella larvae (Ϸ160 larvae per group) were immune primed by a hemocoel injection of 10 l of PBS (the control) or 10 l of PBS containing 1 ϫ 10 6 heat-killed cells of TT01 or HD-1 per larva, respectively. Twenty-one larvae were randomly taken from each group and infected with 50 cells of viable TT01 by a hemocoel injection at 0, 12, 24, 72, 120, 168 , and 336 h after immune priming. Mortality was recorded 72 h after viable TT01 injection. The experiment was performed on three independent occasions.
Changes on Key Immune Parameters After Priming. For each repeat of the experiment, three groups of G. mellonella larvae (Ϸ80 larvae per group) were immune primed by a hemocoel injection of 10 l of PBS (the control) or 10 l of PBS containing 1 ϫ 10 6 heat-killed cells of TT01 or HD-1 per larva, respectively. Ten larvae were sampled randomly from each group at 0, 12, 24, 72, 120, 168, and 336 h post priming. From each larva Ϸ40 l of fresh hemolymph were collected by pricking the larva with an insect needle, and stored in microtubes held on ice to minimize cell clumping. Hemolymph from each individual was divided into several aliquots and processed as follows: 1) 20 l of the hemolymph were diluted in Þve volumes of ice-cold anticoagulant solution (93 mM NaCl, 100 mM glucose, 30 mM trisodium citrate, 26 mM citric acid, 10 mM Na 2 EDTA, and a few crystals of phenylthiourea, pH4.6.) and used for total and deferential hemocyte count immediately. 2) Ten microliter of the hemolymph was drained into 20 l of ice-cold anticoagulant buffer for phagocytosis assays immediately. 3) Thirty microliter of hemolymph collected for encapsulation assays. 4) The remaining hemolymph were immediately transferred into sterile and chilled Eppendorf tubes containing a few crystals of phenylthiourea to prevent melanization. The cell-free hemolymph was obtained by centrifugation at 200 g for 5 min and subsequently at 20,000 g for 10 min at 4ЊC to pellet cell debris. Pooled supernatants were stored at Ϫ80ЊC for later measurement of antibacterial activity.
Determination of Hemocyte Density. According to the criteria reported by Maria (1973) , four morphological types of the circulating hemocyte, namely, plasmatocytes, granulocytes, spherule cells, and oenocytoids, can be recognized in the hemolymph of G. mellonella larvae. To determine the hemocyte density, aliquots of the hemolymph suspension obtained as described above were diluted and transferred to a Neubauer hemocytometer. The total and individual hemocyte numbers were counted using a phase contrast microscopy.
In Vitro Encapsulation Assays. In vitro encapsulation assay was performed as described previously (Ling and Yu 2006) in a 24-well cell culture plate coated with 1% agarose. Sephadex DEAE A-25 chromatography beads (Pharmacia) dyed with Congo red were used as encapsulation targets. Thirty microliters of hemolymph were mixed with 450 ml of the GraceÕs tissue culture medium containing 50 mg/ml of tetracycline in the presence of 10 l of saturated 2-phenylthiourea (PTU; saturated PTU solution was prepared by adding 10 mg of PTU into 1.0 ml of water), and hemocyte were allowed to adhere for at least 5 min. One microliter of PBS containing Ϸ30 Ð50 beads was added to each well. After culture at 27ЊC for 24 h, the number of encapsulated targets was counted by microscopy and expressed as a percentage of the total number of beads present. A bead was scored as encapsulated using the criteria as shown in Fig. 1 .
In Vitro Phagocytosis Assay Using Fluorescein Isothiocyanate (FITC)-Labeled Bacteria. Fluorescent bacteria were prepared as described previously (Asgari and Schmidt 2003) with some modiÞcation. The heatkilled P. luminescens TT01 cells prepared using the method described before were resuspended in carbonate buffer (0.2 M Na 2 CO 3 , 0.2 M NaHCO 3 , pH 9.4) containing FITC (0.1 mg/ml). The suspension was then incubated for 30 min in the dark at 28ЊC and 200 rpm on a rotary mixer, washed 3 times with PBS to remove all traces of free FITC, and Þnally resuspended in GraceÕs insect medium (GIM, Gibco, Grand Island, NY) at 10 9 cells per milliliter. The bacteria suspension was vortexed thoroughly to eliminate clumping and then stored at Ϫ20ЊC.
The in vitro phagocytosis quenching assay was performed according to the method described by Asgari and Schmidt (2003) with the following changes: an aliquot of 30 l of hemolymphÐanticoagulant solution was added to a well of a 24-well cell culture plate attached with a 12-mm-diameter round glass coverslip preÞlled with 300 l of ice-cold GIM with antibiotics (100 U/ml penicillin, 100 g/ml streptomycin, and 2.5 g/ml amphotericin B) and incubated at 28ЊC for 30 min. The resulted hemocyte monolayer on the glass coverslip was gently rinsed three times with GIM (with antibiotics) to remove the anticoagulant buffer. Immediately after washing, 20 l of FITC-labeled bacterial suspension in GIM solution and 380 l GIM (with antibiotics) were added to each well and incubated for 2 h in darkness at 28ЊC. Afterwards, 300 l of 0.4% trypan blue solution in GIM was placed onto each coverslip after removal of the culture medium. After incubation for 20 min, the coverslips were washed three times with GIM and then treated with 4% formaldehyde for 30 s to Þx the monolayer. The number of cells that phagocytosed FITC-labeled TT01 was determined under a ßuorescence microscopy (Nikon Eclipse TE2000-U, Nikon Instruments, Melville, NY). Intracellular bacteria continued to ßuorescence green after the addition of trypan blue, while the ßuorescence of extracellular bacteria was quenched. To quantify phagocytic activity for each coverslip, Þve Þelds containing at least 100 hemocytes were examined and the phagocytic activity was determined using the following formula: Phagocytic activity ϭ [(phagocytic hemocyte)/(total hemocyte)] ϫ 100%.
Antimicrobial Activity Assay. To investigate the relationship between the enhanced immune protection and antimicrobial effectors, such as AMPs and lysozyme in the hemolymph of the heat-killed bacterial primed larvae, we examined the rate of growth of TT01 in the LB broth supplemented with cell-free plasma of hemolymph bled from the primed larvae using a protocol described by Eleftherianos et al. (2006) . Brießy, for each treatment, 200 l cell-free hemolymph solution and 200 l of TT01 culture in LB broth with a density of Ϸ1 ϫ 10 7 cells per ml were pipetted into a 1.5-ml microcentrifuge tube and then incubated at 28ЊC with constant shaking for 24 h. The growth of the bacteria in the sample was measured by optical density at 600 nm.
Data Analysis.
Mean results for different treatments were compared using the one-way analysis of variance (ANOVA) and the least signiÞcant difference (LSD) tests. All calculations were conducted using SPSS version 16.0 (SPSS Inc., Chicago, IL). All tests were considered signiÞcant at P Յ 0.05.
Results

Tolerance of G. mellonella Larvae to Hemocoel
Injection of Heat-Killed Bacteria. The mortality rate of G. mellonella larvae hemocoel injected with 5 ϫ 10 6 heat-killed TT01 and HD-1 cells per larva was 10 and 40% at 48 h after injection, respectively, and no more dead larva was found during the rest of experimental period. There was no dead larva in the control groups and the treatment groups with an injection dose of 1 ϫ 10 6 and 5 ϫ 10 5 cells per larva for all two bacteria tested during the experimental period. The results indicated that injecting 10 l of PBS containing 1 ϫ 10 6 or less heat-killed TT01 or HD-1 cells into the hemocoel did not cause unrecoverable damage to the larvae.
Effects of Priming Dose on Protection Level of G. mellonella Larvae Against TT01 Infection. The effects of priming dose on the protection level of G. mellonella larvae against TT01 infection were showed in Fig. 2 . It conclusively demonstrated that G. mellonella larvae primed with an appropriate dose of heat-killed TT01 cells by hemocoel injection resulted in a signiÞcant increase in resistance of the larvae against a lethal infection of viable TT01 and the level of protection correlated positively to the priming dose. The larvae of the control group that had not been primed with heat-killed TT01 showed a mortality rate of 40, 89, 94, 100, and 100% at 72 h after infecting with 25, 50, 100, 200, and 400 cells of viable TT01 per larva, respectively. In contrast, the larvae that had been primed with 1 ϫ 10 6 cells per larva of heat-killed TT01 24 h before infection showed a much lower mortality rate of 0, 16, 22, 27, and 43% at 72 h, respectively (P Ͻ 0.01). The LD 50 of the larvae against TT01 steadily increased from 28 cells per larva of the control (PBS) group to the maximum of 426 cells per larva observed in the larvae primed with a dose of 1 ϫ 10 6 cells per larva 24 h before TT01 infection. Except for the dose of 5 ϫ 10 3 cells per larva, the LD 50 of all other three treatment groups was signiÞcantly higher than that of the control.
Effects of Priming Dose on the Level and Persisting Time of Immune Protection. Figure 3 shows that the degree of enhanced immune protection in G. mellonella larvae depended on the priming dose and the time elapsed between priming and infection. The larvae primed with 1 ϫ 10 6 or 5 ϫ 10 5 dead TT01 cells per larva elicited a stronger protection than those with lower doses (5 ϫ 10 4 , 5 ϫ 10 3 cells) when the infection occurred within 168 h of priming. When the larvae were primed with 5 ϫ 10 4 and 5 ϫ 10 3 cells of dead TT01, the protective effect of the primed response persisted for only 120 and 24 h, respectively, compared with 168 h for those primed with the dose of 5 ϫ 10 5 and 1 ϫ 10 6 cells per larva. No protection was detected at 14 d after priming for all priming doses examined.
The Larvae Primed With TT01 Protect G. mellonella Larvae From Subsequent Nematode Infection. The G. mellonella larvae primed with a high dose of dead TT01 (1 ϫ 10 6 cells per larva) were protected against a lethal infection of both H. bacteriophora and S. carpocapsae at 24 h after priming, and the protection level against H. bacteriophora was much higher than that against S. carpocapsae, as reßected by the mortality rates of larvae showed in Fig. 4 . There was no signiÞcant difference on the level of protection between the larvae primed with 5 ϫ 10 3 dead TT01 cells per larva and the control group.
Changes on Protection Levels of G. mellonella Larvae Over Time After Priming With Different Bacteria. As shown in Fig. 5 , priming G. mellonella larvae with a dose of 1 ϫ 10 6 cells per larva of heat-killed cells of either TT01 or HD-1 conferred the larvae a much greater protection to the infection of a lethal dose (50 cells per larva) of viable TT01 than the control during the period of 12Ð168 h after priming, as evidenced by the signiÞcantly lower mortality (P Ͻ 0.05). The increase in protection level was demonstrated as early as 12 h postpriming and the maximal protection was achieved at 24 h as the larvae that primed with TT01 or HD-1 showed the lowest mortality rate of 16 and 22%, respectively, compared with the control of 89% (P Ͻ 0.01). The level of protection was progressively weaker as the time between priming and infection increased, especially 120 h after priming, until it totally disappeared at 336 h postpriming. There was no substantial difference on the patterns of changes on protection levels among the larvae primed with either TT01 or HD-1 for the Þrst 72 h after priming; however, from 120 to 168 h, a greater protection was observed Fig. 2 . Mortality and LD 50 of G. mellonella larvae immune primed with different doses of heat-killed P. luminescens TT01 followed by infection with various doses of viable TT01 cells both via hemocoel injection at 24 h after priming. The mortality and LD 50 were recorded 72 h after infection. Data are expressed as the mean Ϯ SE. Values for the same dose of viable TT01 infection groups followed by different letters are signiÞcantly different (P Յ 0.05) according to ANOVA and LSD test. Fig. 3 . Mortality of G. mellonella larvae immune primed with different doses of heat-killed P. luminescens TT01 followed by infection with 50 viable TT01 cells per larva both via hemocoel injection at various time intervals after priming. Mortality was recorded 72 h after infection. Data were expressed as the mean Ϯ SE. Values for different groups at the same time points followed by different letters are signiÞcantly different (P Յ 0.05) according to ANOVA and LSD test. for the larvae primed with TT01 compared with those primed with HD-1 (P Ͻ 0.05).
Changes on Key Immune Parameters of G. mellonella Larvae Over Time After Priming With Different Bacteria. Hemocyte Density. The following four types of hemocyte were observed in the hemolymph of G. mellonella larvae according to the criteria described by Maria (1973) : plasmatocytes, granulocytes, spherule cells, and oenocytoids. Plasmatocytes and granulocytes, the major immunal hemocyte of insects, accounted for Ϸ60 and 20% of the total hemocyte population in the early Þfth-instar larvae, respectively. The hemocyte density of the G. mellonella larvae primed with heat-killed cells of either TT01 or HD-1 maintained at Ϸ12.0 ϫ 10 6 cells per ml from 0 to 24 h, then increased sharply to Ϸ34.1 ϫ 10 6 and 30.4 ϫ 10 6 cells per ml at 72 h, reached the maximum density of 35.9 ϫ 10 6 and 41.5 ϫ 10 6 cells per ml at 168 h, and then decreased to 20.9 ϫ 10 6 and 26.6 ϫ 10 6 cells per ml at 336 h after priming (Fig. 7A) . Hemocyte densities of the immune primed larvae were signiÞcantly higher than those of the control groups from 72 to 336 h after priming (P Ͻ 0.05).
The increased hemocyte density of the primed larvae mainly resulted from the signiÞcant increase of plasmatocytes. The pattern of changes on the density of plasmatocytes was similar to that of the total hemocyte in both heat-killed TT01 and HD-1 primed groups (Fig. 7B) . The percentage of plasmatocytes in the heat-killed bacteria primed groups increased from Ϸ60% at 0 h to Ϸ80% at 72Ð168 h after priming, compared with 60 Ð70% in the control group at each time point examined (Supp Table 1 [online only]). The density of granulocytes also increased and showed signiÞcant difference to the control groups from 24 to 168 h after priming with heat-killed TT01 or HD-1 (P Ͻ 0.05; Fig. 7C ). However, the percentage of granulocytes in the two immune-primed groups both decreased from Ϸ20% at 0 h to Ϸ14% at 72Ð168 h after priming, while little change on the proportion of granulocytes was observed in the control group at each time point examined (Supp Table 1 
[online only]).
Encapsulation Rate. There was no signiÞcant difference on encapsulation rates of the hemolymph between G. mellonella larvae immune primed with heatkilled TT01 and HD-1 at all time points examined (Fig.  7D) . However, encapsulation rates of the primed larvae were signiÞcantly higher than that of the control at the period from 24 to 120 h after priming (P Ͻ 0.05), while there were no signiÞcant difference at the other time points.
Hemocyte Phagocytic Activity. As shown in Fig. 6 , only internalized bacteria retain their ßuorescence after quenching with trypan blue, both granulocytes and plasmatocytes in the hemolymph of G. mellonella phagocytosed FITC-labeled TT01 in vitro. The phagocytic activity of the hemocyte collected from the larvae primed with heat-killed cells of TT01 or HD-1 were signiÞcantly higher than that of the control at a period from 12 to 168 h and 12 to 120 h after priming, respectively (P Ͻ 0.05; Fig. 7E ). The phagocytic activities of the immune-primed larvae showed a similar change pattern: increased signiÞcantly at 12 h, peaked at 24 h, and then declined gradually to the control level at 336 h after priming. The larvae primed with TT01 showed the highest phagocytic activity at each time point tested and they were signiÞcantly higher than that of HD-1 primed group at 120 and 168 h after priming (P Ͻ 0.01).
Antimicrobial Activity. P. luminescens TT01 growth signiÞcantly reduced in LB medium supplemented with plasma collected from the larvae primed with heat-killed cells of either TT01 or HD-1 than that of the control (P Ͻ 0.01, Fig. 7F ) at the time points from 12 to 168 h after priming. In another words, the plasma prepared from the immune-primed larvae showed signiÞcantly greater antibacterial activity against TT01 than that of the control. The plasma from the larvae primed with TT01 showed signiÞcantly greater antibacterial activity than that from the HD-1 primed larvae at the period from 72 to 120 h after priming (P Ͻ 0.05). The enhanced antibacterial activity disappeared at 336 h after priming.
Discussion
The Characteristics of Immune Priming in G. mellonella. The current study demonstrated that G. mellonella larvae primed with an appropriate dose of heatkilled bacteria TT01 were induced an increased protection against the follow-up infection of a lethal dose of viable TT01 for a period of time after priming, and the extent and the length of time that protective effect persisted correlated positively to the priming dose. The immune priming phenomenon has been reported in many invertebrates including insects, although the length of time that protective effect persisted varied with the invertebrate and pathogen examined. For instance, immune-priming damp wood termite Zootermopsis angusticollis Hagen with glutaraldehyde-Þxed Pseudomonas aeruginosa improved the protection effect of the hosts from a lethal challenge of P. aeruginosa for up to 1 wk (Rosengaus et al. 1999) . The bumble bee Bombus terrestris (L.) primed with a dose of inactive Pseudomonas fluorescens possessed an increased protection against a lethal infection of viable P. fluorescens for up to 3 wk after priming (Sadd and Schmid-Hempel 2006) . Moreover, transgenerational immune priming was observed in mealworm Tenebrio molitor (L.), and the enhanced immune protection of the off-spring was mediated by the inducible production of AMPs in the hemolymph (Moret 2006) . However, the causes of the variation in the level and length of immune-priming protection reported in the above studies mentioned are not clear yet. The dose effect of priming revealed by the current study indicated that besides the unique biological characteristics of the host or pathogen involved, the dose effect is also an important factor worth consideration.
Our results showed that priming G. mellonella larvae with either gram-negative bacteria TT01 or grampositive HD-1 stimulated similar increased protection against TT01 infection. The patterns of changes on the major innate immune parameters of the larvae primed with these two bacteria were very similar as well. However, the protection levels of the larvae primed with TT01 were signiÞcantly higher than those primed with HD-1 at the period from 120 to 168 h after priming (Fig. 5 ) and the levels of some innate immune parameters differed signiÞcantly between them during the period, indicating that the immune priming of G. mellonella larvae has low level of speciÞcity. It is well known that the major pathogen-associated molecular patterns (PAMPs) of the gram-positive bacteria are petidoglycans while those of gram-negative bacteria are lipopolysaccharides. We expected that the significant difference on the PAMPs between TT01 and DH-1 would interact with different pathogen recognition receptors of the hosts and activate different signal pathways, such as Imd and Toll pathway (Ohta et al. 2006 , Welchman et al. 2009 ). Therefore, the larvae primed with these two bacteria would differ signiÞcantly on levels of both major innate immune parameters and resistance against TT01 infection; however, the results obtained are not in line with our expectation. A detail investigation on the signal and regulation pathways of the immune priming may provide an explanation to this phenomenon.
Our results also showed that priming G. mellonella larvae with a higher does of heat-killed TT01 (1 ϫ 10 6 cells per larva) could induce the hosts a robust immune protection against the infection of entomopathogenic nematodes H. bacteriophora or S. carpocapsae, while a priming dose lower than 5 ϫ 10 3 cells per larva could not. Both entomopathogenic nematodes and B. thuringiensis have been used as bioinsecticides against insect pests in crops and forestries for a long time (Shapiro and McCoy 2000, Bravo et al. 2011, Sun et al. 2013) . It is well known that the use of B. thuringiensis as pesticides is threatened by the evolution of resistance in major pest species (Ferre and Van Rie 2002) . However, no data regarding the development of resistance to entomopathogenic nematodes have been reported by far. Although current study showed that G. mellonella larvae possessed a typical immune priming phenomenon against the infection of the nematode H. bacteriophora and per or bacteria TT01, it is unlikely that it would contribute to the development of the resistance in this case based on the data obtained. The larvae primed with a low dose of heat-killed bacteria TT01 (1 ϫ 10 3 cells per larva) could not induce a signiÞcant immune priming against viable TT01 or entomopathogenic nematodes infection. When entering the insect hemocoel, one nematode would regurgitates 50 Ð200 bacterial cells directly into the blood (Ciche and Ensign 2003) , which are sufÞcient to kill the insect host, thus decreasing the chances of the development of tolerance. This is one of the advantages that utilization of entomopathogenic nematodes affords, thereby is a valuable biological insecticides in pest control.
The Role of the Innate Immune System in the Immune Priming of G. mellonella. Although the immune priming phenomenon has been observed in many examined invertebrates, the mechanism involved is not yet fully understood. The current study showed that when G. mellonella larvae immune primed with an appropriate dose of heat-killed bacterial cells of either TT01 or DH-1 were infected with a lethal dose of living TT01 at various time after priming, the changes in immune protection level (estimated by comparing the mortality of the primed larvae to the control) were highly correlated to the changes in levels of the following major innate immune parameters of the larvae: hemocyte density, phagocytosis and encapsulation abilities of hemocyte, and antimicrobial activity of cell-free hemolymph (Fig. 7) . The change patterns of these parameters over time after priming were similar: increased to a peak, maintained for a period of time, and then decrease to the normal level; although the change level and the turning time point differed from each other, for example, the total hemocyte density of the primed larvae signiÞcantly increased and peaked from 72 to 168 h after priming, while the phagocytic activity signiÞcantly increased at 12 h, decreased at 120 h, and declined to the control level at 336 h after priming. The overall protection level at each time point after priming is determined by the combined effects of all these innate immune effectors. At around 72 h after priming, almost all four parameters reached the peak, thus a high level of protection could also be observed at this time. While at 2 wk (336 h) after priming when the protection was almost lost, there was no signiÞcant differences between the immune-primed larvae and the control on all parameters examined, except for the hemocyte density, which the primed larvae was slightly higher than the control. These results implied that the immune priming phenomenon observed in G. mellonella larvae was achieved mainly by regulating the major innate immune effectors.
We believed that the increase in antimicrobial activity of the cell-free hemolymph of the primed G. mellonella larvae was a result of humoral immune responses of the larvae to the priming stimulation. It is well-known that microbial infection could induce synthesis of antibacterial peptides and enzymes (such as lysozyme and phenoloxidase) that are secreted into the hemolymph of the hosts and resulted in the increase of antimicrobial activity of the plasma (Mak et al. 2001 , Evans and Lopez 2004 , Wojda et al. 2009 ). These antibacterial substances can remain at high concentrations in plasma for several days and inhibit bacterial growth in the hemocoel, thereby providing strong protection against bacterial infection (Tzou et al. 2002) . This phenomenon has been reported by several other studies. For example, Rowley et al. (2011) showed that the antibacterial activity toward Vibrio anguillarum of the whole body homogenates prepared from the shrimp, Litopenaeus vannamei Boone, enhanced signiÞcantly after exposure to a commercial antivibrio vaccine, which is made of some species of inactivated bacterial cells.
The high correlation between the protection level and the increase in both hemocyte density and activities of phagocytosis and encapsulation of the hemocyte of the primed larvae implied that the cellular immunity also played an important role in Þghting the invading pathogen TT01 of the host. The underlying mechanisms regarding the regulation of hemocyte density are not yet fully understood. Studies with a number of insects indicated that hematopoietic organs were important sources of hemocyte of the lepidopteran species (Ling et al. 2005 , Nakahara et al. 2006 . We speculated that the subsequent rise in hemocyte density of the G. mellonella larvae after immune priming was because of the reproduction and release of hemocyte from the hematopoietic organs of the larvae. Rodrigues et al. (2010) reported that granulocyte density was permanently raised in the plasmodiumprimed mosquitoes and the primed mosquitoes were subsequently more resistant to infection with pathogenic bacteria than their wild-type counterparts. Both phagocytosis and encapsulation are important cellular immunity in invertebrate and generally considered as two essential ways to eliminate invaded microorganisms or foreign particles. It has been demonstrated that many immune molecules, such as integrins, calreticulins, and immulectins, are involved in regulating the activity of encapsulation and phagocytosis (MullerTaubenberger et al. 2001 , Choi et al. 2002 , Moita et al. 2006 , and these genes are strongly expressed after the exposure of the larvae to bacterial pathogens (Eleftherianos et al. 2006) . The coincrease in hemocyte density and immunal activity of the hemocyte of the primed larvae will greatly enhance the cellular immune protection against TT01 infection.
The dose effect of the priming (a higher dose of vaccine induced a stronger and longer immune protection) observed in G. mellonella larvae is also likely mediated by the regulation of the major innate im-mune parameters. Several studies have conÞrmed that the activation and use of the immune system are costly to the hosts (Moret and Schmid-Hempel 2000, Schmid-Hempel 2003) . It would be an advantage for the G. mellonella larvae to respond accordingly to the priming dose by regulating the immune system to increase the levels of the innate immune effectors to appropriate levels, thus achieving the goal of providing adequate protection and minimizing the cost to the resources. It is understandable that higher levels of the innate immune effectors (e.g., hemocyte density) presented in the larvae primed with a higher dose of heat-killed bacteria will provide the hosts a higher level of protection and it will take longer time for them to return to the normal level, therefore provide longer protection.
The current study systematically explored the characteristics of the immune priming of G. mellonella larvae and its relation to the innate immunity, but the underlying signal and regulatory pathways involved in the process are not yet fully understood. Recently, to understand the molecular mechanism of immune priming, we used the IlluminaÐSolexa platform to investigate the transcriptional changes of the hemocyte and fat body of the heat-killed TT01 primed Helicoverpa armigera Hü bner larvae (which was demon- Fig. 7 . The changes on the following key innate immune parameters of G. mellonella larvae over time after priming with 1 ϫ 10 6 cells per larva of heat-killed P. luminescens TT01 or B. thuringiensis HD1: (A) Total hemocyte density, (B) plasmatocyte density, (C) granulocyte density, (D) encapsulation rate, (E) phagocytic activity, and (F) inhibition of growth of TT01 of the cell-free plasma. Values for different groups at the same time points followed by different letters are signiÞcantly different (P Յ 0.05) according to ANOVA and LSD test. strated to possess a similar immune priming phenomenon to that of G. mellonella). The results showed that 2,494 out of 35,707 transcripts (genes) were differentially expressed after immune priming, among which 1,472 were successfully annotated. The up-regulated annotated differentially expressed genes (DEGs) contained nine pathogen recognition proteins (PRRs), such as peptidoglycan recognition proteins, lipopolysaccharide-binding protein, and scavenger receptors; 37 cellular immunity-related DEGs, such as polycomb protein Asx (PcAsx, which mediates proliferation and differentiation of hemocyte), actin-related protein, and ubiquitin-conjugating protein (ARPC2 and UBC, which related to phagocytosis); and many humoral immunity related DEGs, such as AMPs and enzymes (Zhao et al. 2013 ). The up-regulated PRRs enabled the immune primed insect a quicker and stronger immune response upon a secondary infection of pathogens. The activation of the regulatory pathways triggered by the interaction between PRRs and PAMPs of the invaded pathogen led to the production of immune effectors of both humoral and cellular immunity. This is in line with our observation that the major innate immune parameters of the immune primed larvae were signiÞcantly higher than those of the control. In another words, this study provided strong molecular evidence for the hypothesis that we proposed: the immune priming phenomenon observed in G. mellonella larvae was achieved by regulation of key innate immune elements.
In summary, the current study has revealed the characteristics of the immune-priming phenomenon of G. mellonella larvae and its relation to the innate immunity. Understanding the characteristics and mechanisms of the immune priming phenomenon of invertebrates is important not only for further exploring the immune system of invertebrates but also for controlling insect pests using biopesticides and preventing infectious diseases of the economic invertebrates.
